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ABSTRACT 


‘The  fatigue  crack  growth  rate  tests  of  water  quenched  Corona-5 
(Ti-4.5A1-1 .5Cr-5Mo)  and  Ti-6A1-4V  alloy  were  conducted  in  air  at  room  ^  *■ 
temperature.  The  effect  of  the  presence  of  the  metastable  retained  B phase 
on  the  fatigue  crack  growth  rate  was  examined  in  this  research.  The 
specimens  were  heat  treated  and  water  quenched  to  have  unstable  3  phase 
that  could  be  transformed  to  martensite  during  the  fatigue  crack  growth 
testing.  As  quenched  specimens  were  compared  with  specimens  in  the  mill 
annealed  condition.  The  fatigue  crack  growth  rates  of  all  the  specimens 
were  in  the  same  order  of  magnitude  regardless  of  the  heat  treatment.  From 
this  research  it  was  shown  that  in  Corona-5  and  T1-6A1-4V  alloys  the 
fatigue  crack  growth  rates  were  not  affected  by  the  strain  induced 
martensitic  transformation.  The  yield  strength  of  the  specimens  in  this 
research  varied  from  337  Mpa  [48.9  ksij  to  947  Mpa  [ 1 37  ksi].  This  also 
demonstrated  that  the  fatigue  crack  growth  rates  of  Corona-5  and  Ti-6A1-4V 
alloys  in  these  conditions  were  independent  of  the  yield  strength. 
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INTRODUCTION 


The  alloys  Corona-5  (Ti-4.5A1-1 .5Cr-5Mo)  and  Ti-6A1-4V  were  both 
developed  as  a+B  alloys  where  Cr,  Mo  and  V  are  the  g  (B.C.C)  stabilizers 
(which  decrease  the  3  transus  temperature)  and  A1  is  an  a  (H.  C.  P) 
stabilizer  (which  raises  the  0  transus  temperature).  It  was  observed  by 
several  investigators  [1,2,3]  that  in  the  a+g  microstructure  the  Corona-5 
alloy  had  high  strength,  high  fracture  toughness  and  excellent  corrosion 
resistance,  but  it  was  also  observed  that  Corona-5  had  high  fatigue  crack 
growth  rates  (da/dN)  at  low  stress  intensity  range  (Ak)  [1],  Imam  and 
Gilmore  [4,5]  observed  that  the  metastable  3  phase  was  retained  when  the 
Ti-6A1-4V  alloy  was  water  quenched  from  just  below  the  3  transus 
temperature.  The  transformation  of  the  metastable  3  to  a'  by  mechanical 
strain  through  a  strain  induced  martenstie  transformation  was  observed  to 
improve  the  low  cycle  fatigue  lives  of  both  the  alloys  Corona-5  and 
T1-6A1-4V  [4,5,6]. 

In  Fe-l6Cr-13Ni  stainless  steel,  Pineau  and  Pelloux  [7]  investigated 
the  influence  of  the  strain  induced  martensitic  transformation  on  the 
fatigue  crack  growth  rate.  They  reported  that  for  a  given  stress 
intensity  range  (Ak)  the  fatigue  crack  growth  rate  (da/dN)  in  stainless 
steel  was  decreased  as  the  volume  of  the  strain  induced  martensite 
increased  at  the  crack  tip.  The  purpose  of  this  research  was  to  examine 
the  effect  of  the  presence  of  metastable  3  phase  and  its  strain  induced 
transformation  to  martensite  on  the  fatigue  crack  growth  rate  in  the 
alloys  Corona-5  and  Ti-6A1-4V.  For  this  purpose,  the  fatigue  crack  growth 
rates  of  quenched  Corona-5  with  metastable  3  and  without  metastable  8 
and  mill  annealed  Corona-5  were  compared.  The  fatigue  crack  growth 
rates  of  quenched  Ti-6A1-4V  with  metastable  6  and  a+B  annealed  Ti-6A1-4V 
were  also  compared. 
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EXPERIMENTAL  PROCEDURE 


Materials 

Two  different  alloys,  Corona-5  (Ti-4.5A1-1 .5Cr-5Mo)  and  T1-6A1-4V 
were  used  in  this  experiment.  The  Corona-5  plate  was  obtained  from  Colt 
Industries  (plate  E  from  heat  R  52071)  [1].  The  mill  anneal  condition  of 
this  alloy  was  low  8  processed  and  the  8  transus  temperature  was  reported 
to  be  938°C.  (1720°P).  The  heat  chemistry  in  weight  percentage  was 
reported  to  be: 


A1 

Mo 

Cr 

0 

N 

Fe 

H 

C 

Ti 

4.4 

5.1 

1.46 

0.183 

0.011 

0.20 

0.0018 

0.65 

balance 

The  alloy  T1-6A1-4V  was  provided  by  the  Naval  Ship  Research  and 
Development  Lab,  Annapolis,  MD  (Heat  No.  29555-06)  as  3.75  cm  (1.25  in) 
thickness  plate  and  the  heat  chemistry  in  weight  percentage  was  reported 
to  be: 

A1  V  Fe  0  N  C  H 

6.0  3-9  0.18  0.117  0.010  0.02  0.020. 

This  alloy  was  8  processed  at  1066°C  and  mill  annealed  at  1024°C  for  5 
minutes  and  air  cooled. 

Heat  Treatment 

Heat  treatments  were  performed  to  produce  varying  amounts  of  the 
metastable  retained  8  phase.  The  Corona-5  alloy  was  water  quenched  after 
30  minutes  heat  treatment  at  965°C  (37°C  above  the  8  transus)  to  produce  a 
fully  martensitic  microstructure,  and  other  specimens  were  water  quenched 
from  915°C,  900°C  and  870°C  (below  the  8  transus)  to  produce  increasing 
amounts  of  retained  8  phase. 

l 
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It  was  observed  by  Gilmore  et.al.,  [6]  that  Corona-5  water  quenched  from 
915°C  had  the  longest  fatigue  life  of  any  of  the  mill  annealed  or  water 
quenched  conditions  studied.  Specimens  of  Corona-5  were  also  prepared  in 
the  mill  annealed  condition  to  serve  as  a  reference.  Ti-6A1-4V  alloy 
water  quenched  from  900°C  was  shown  to  have  the  highest  fatigue  life  of 
any  water  quenched  conditions  studied  and  this  heat  treatment  was  chosen 
for  the  fatigue  crack  growth  rate  tests  [4].  The  Ti-6A1-4V  alloy  was 
water  quenched  after  heat  treatment  at  900°C  for  1  hour.  Specimens  of 
Ti-6A1-4V  were  also  prepared  in  the  a+S  annealed  condition:  800°C  for  3 
hours  then  a  furnace  cool  to  600°C  followed  by  air  cooling  to  room 
temperature.  The  a+0  anneal  in  Ti-6al-4V  alloy  served  as  a  reference  for 
comparison  with  the  as  quenched  condition. 

Fatigue  Crack  Growth  Rate  Tests 

The  fatigue  crack  growth  rate  tests  were  performed  in  air  at  room 
temperature.  Tests  were  conducted  in  accordance  with  ASTM  E-647,  the 
standard  test  method  for  constant-load-amplitude  fatigue  crack  growth 
rates  above  10“^m/cycle.  A  MTS  810  series  electrohydraulic  closed  loop 
Material  Testing  System  was  used  for  these  tests.  The  specimens  for  these 
tests  were  of  the  wedge  opening  loaded  (WOL)  type  as  presented  in 
Figure  1.  A  clip  gage  was  used  to  obtain  crack  opening  displacement.  The 
clip  gage  was  fixed  to  the  specimen  at  the  crack  mouth  via  knife  edges 
mounted  on  the  specimen  as  shown  in  Figure  2.  The  sensitivity  of  the  clip 
gage  was  10.06  mv  per  10"2  cm  crack  opening  displacement. 
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At  the  beginning  of  the  crack  propagation  test  with  a  known  machined  notch 
size,  the  Young's  modulus  was  obtained  from  the  equation  [8]: 


E  = 


-  P-  - 

B[COD] 


*  f(a/w) 


(1) 


f(a/w)  = 


1 


0.2549 
•"  a/w 


2 

1-a/w 


[4.3838  -37.588(a/w)  +359.68(a/w)2 


-1319.5(a/w>3  +2506. 8 (a/w) 4  -2577.0(a/w)5 


+1203.5(a/w)6  -136.4(a/w)8] 


where  P  is  applied  load,  B  the  thickness  of  the  specimen,  COD  the  crack 
opening  displacement,  "a"  the  crack  length  and  w  the  wedge  length. 

The  maximum  stress  intensity  factor  Kmax  wa3  controlled  to  within  5 
percent  during  the  precracking  in  accordance  with  ASTM  E-647.  After  the 
fatigue  precrack  was  initiated,  the  load  was  reduced  no  more  that  20 
percent  per  step  to  the  desired  level  for  crack  propagation  tests. 

Fatigue  crack  growth  rate  tests  were  performed  with  tension-tension 
haversine  cyclical  loading  of  frequency  10  Hz.  with  a  load  ratio  of  RrO.1. 
The  load  versus  crack  opening  displacement  was  nonlinear  at  low  load  as 
shown  in  Figure  3.  Therefore  the  COD  from  the  clip  gage  was  determined 
from  the  following  expression  [10]: 

COD  =  2*  (CODmay-CODl/p^av) .  (2) 

CQDfflax  and  C0D1/2max  were  measured  by  statically  loading  to  Pmax  and 


p1/2max  respectively. 


Crack  length  was  calculated  from  the  COD  measurement  using  the  following 
expression  [8]: 


a/w  =  C0  +  C-,(UX)  +  C2(0X)2  +  C3(Ux)3  +  C4(Ux)J<  +  C5(0x)5 
where 


(3) 


f BErCODl  1 

r*r. 

p  J 

°x  « 


C0  =  1.0021,  C-j  =  -4.9472,  C2  =  35-749 
C3  =  -649.85,  Cj*  =  4110.9,  C5  =  -8410.8 

The  crack  growth  rate  (da/dN)  was  obtained  using  the  incremental 
seven  point  polynomial  method  which  is  recommended  in  ASTM  E-647.  The 
crack  length  (a^)  obtained  from  incremental  method  is  given  by  : 


ai  *  bc 


+  b1  filial]  +  b2  f 

l  ^2  J  l 


NinSl)2 


C2 


(4) 


where 


Ci  =  0.5(Ni_n  +  Ni+n) 

C2  =  0.5(Ni+n  -  %.  n) 

bQ,  b^,  and  b2  are  regression  parameters  which  are  determined  by  the  least 
square  criterion  over  the  local  range  of  crack  growth. 

The  rate  of  crack  growth  at  was  obtained  from  the  derivatives  of 
the  above  parabolic  equation: 


da 

IdNj 


a  b ^  +  2b2(%-Pi  1 
a*  C2  *  c22  ' 


(5) 
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Stress  intensity  range  (Ak)  was  obtained  using  the  following 
expression  [8]: 

AK  _  A  P  (2+a/w )  •  [0.8072  +  8.858  (a/w)  -  30.23(a/w)2  +  41.088(a/w)3 
B/w  (1 -a/w) 3/2 

-  24.15(a/w)“  +  4.951  (a/w)5]  (6) 

All  of  the  above  data  were  analyzed  and  plotted  on  a  log-log  scale 
utilizing  the  fatigue  crack  growth  rate  test  software  for  the  data 
collection,  analysis  and  plotting,  developed  at  the  George  Washington 
University  which  enhanced  the  accuracy  of  the  test  results. 

RESULTS 

The  results  of  the  fatigue  crack  growth  rate  tests  that  are 
presented  in  Tables  1  to  7  and  graphically  presented  in  Figures  4  to  10 
indicated  that  the  fatigue  crack  propagation  rate  in  each  specimen  was 
independent  of  heat  treatment.  All  the  data  for  Corona-5  is  plotted  in 
Figure  11  and  it  clearly  shows  that  fatigue  crack  growth  rate  was  not 
significantly  affected  by  the  strain  induced  martensitic  transformation. 

In  the  alloy  Corona-5  quenched  from  965°C  and  Ti-6A1-4V  quenched  from 
900°C,  the  crack  path  deviated  by  more  than  5  degrees  from  the  horizontal 
plane  for  A K  values  above  12  Mpa  and  16  Mpa  respectively.  Therefore,  the 
results  were  invalid  above  these  A K  values  as  indicated  in  Figure  7  and  9. 
The  fatigue  crack  growth  rate  of  Corona-5  water  quenched  from  915°C  was 
very  low  at  the  stress  intensity  range  (AK)  between  14  and  16  MPa.  The 
crack  growth  rate  at  low  AK  (8.4  Mpa)  in  the  mill  annealed  Corona-5  was 
higher  than  any  other  treatments.  The  fatigue  crack  growth  rates  of  as 
quenched  and  a+0 annealed  T1-6A1-4V  alloys  were  same  order  of  magnitude 
and  indicated  independency  of  the  heat  treatment. 
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DISCUSSION 


The  most  interesting  result  from  this  research  was  the  observation 
that  the  fatigue  crack  propagation  was  independent  of  the  heat  treatment. 
This  was  unexpected  because  previous  work  on  steels  [7]  had  shown  that 
fatigue  crack  propagation  rate  was  strongly  affected  when  a  strain  induced 
martensitic  transformation  was  present.  In  addition,  the  heat  treatments 
utilized  in  this  research  resulted  in  a  large  (nearly  300  percent)  change 
in  yield  strength  as  shown  in  Tables  8  and  9.  From  the  research  of 
Crooker  [11],  a  decrease  in  crack  propagation  rate  would  be  expected  with 
a  decrease  in  yield  strength.  The  results  of  this  research  possibly 
provide  some  insight  into  the  important  parameters  that  effect  the  fatigue 
crack  propagation  rate. 

In  this  research  on  titanium  alloys  the  presence  of  the  strain 
induced  martensitic  transformation  had  no  effect  on  the  fatigue  crack 
propagation  rate;  however,  there  was  a  significant  effect  in  stainless 
steel  as  observed  by  Pineau  and  Pelloux  [7]  and  in  TRIP  steel  as  observed 
by  Chanani  [12].  Pineau  and  Pelloux  discussed  several  possible  mechanisms 
that  could  have  resulted  in  the  reduced  crack  propagation  rates  that  they 
observed  in  metastable  alloys.  One  mechanism  was  the  rapid  strain 
hardening  that  wa3  observed  in  the  steels  and  is  also  present  in  the 
metastable  titanium  alloys.  Pineau  and  Pelloux  concluded  that  the  strain 
hardening  mechanism  was  not  sufficient  to  explain  the  magnitude  of  the 
observed  changes  in  crack  propagation  rate.  The  result  reported  here 
would  support  that  conclusion  because  in  the  very  low  yield  strength 
titanium  alloys  there  was  rapid  strain  hardening  and  in  the  high  strength 
titanium  all  ys  there  was  essentially  no  strain  hardening,  and  yet  there 
was  no  effect  on  the  fatigue  crack  propagation  rate. 
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Thus  on  the  basis  of  our  results  strain  hardening  would  appear  to  not  be  a 


dominating  factor  of  the  fatigue  crack  propagation  rate  in  these  titanium 
alloys.  Crooker  [11]  has  proposed  that  fatigue  crack  propagation  rates 
increased  linearly  with  increases  in  yield  strength.  Also,  on  the  basis 
of  theories  that  relate  fatigue  crack  propagation  rates  to  Kic  values,  a 
high  yield  strength  and  low  strain  hardening  rate  should  result  in  a 
higher  crack  propagation  rate  according  to  the  equations  of  Forman  [13] 
and  Hirth  [14].  However,  this  result  was  not  obtained  in  this  research. 

It  has  been  proposed  by  a  number  of  authors  [15,16]  that  the  ultimate 
tensile  strength  is  a  dominating  factor  determining  K1c  and  the  resulting 
fatigue  crack  propagation  rate.  In  this  research  the  ultimate  tensile 
strength  was  relatively  constant,  and  in  all  of  the  heat  treatments  the 
crack  propagation  rate  was  relatively  constant.  This  research  would 
support  the  relationship  between  ultimate  tensile  strength  and  fatigue 
crack  propagation  rate. 

One  significant  difference  in  the  martensitic  transformation  in  the 
steels  and  titanium  alloys  is  that  in  the  steels  a  large  volume  increase 
(typically  5  to  8  percent)  occurs  as  a  result  of  the  martensitic  transfor¬ 
mation.  However,  based  upon  the  lattice  parameters  of  Imam  and  Gilmore 
[4],  a  volume  decrease  of  1.1  percent  was  calculated  for  Ti-6A1-4V 
quenched  from  900°C  when  transforming  from  BCC  to  HCP.  A  volume  increase 
as  a  result  of  the  strain  induced  martensitic  transformation  would  produce 
compressive  residual  stresses  at  the  crack  tip  that  would  reduce  the  crack 
propagation  rate  and  a  volume  decrease  should  produce  tensile  residual 


stress. 


Since  this  difference  in  volume  change  was  one  of  the  major  differences 
between  the  martensitic  transformation  in  titanium  alloys  and  the  steels, 
it  appears  that  the  volume  change  that  occurred  during  the  martensitic 
transformation  was  a  major  factor  in  the  decrease  in  crack  propagation 
rates  observed  in  the  steels. 

CONCLUSIONS 

From  the  fatigue  crack  growth  rate  tests  of  Corona-5  and  T1-6A1-4V, 
it  was  concluded  that: 

1 .  The  fatigue  crack  growth  rates  of  Corona-5  and  Ti-6A1-4V  alloys  were 
not  significantly  affected  by  the  presence  of  a  metastable  3  phase 
and  its  strain  induced  transformation  to  martensite. 

2.  The  fatigue  crack  growth  rate  of  Corona-5  was  independent  of  yield 
strength  in  the  conditions  tested. 

3.  The  change  in  volume  during  the  strain  induced  martensitic 
transformation  at  the  crack  tip  appears  to  have  a  significant  effect 
on  the  fatigue  crack  propagation  rates.  Large  increases  in  volume 
would  result  in  large  compressive  residual  stresses  at  the  crack  tip 
reducing  the  crack  propagation  rates. 
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Table  1 .  Fatigue  Crack  Propagation  Data  of  Corona-5  Quenched 
from  870°C. 


t 

Cycle 

N/1.00  . 

Crack  Length 
a  (10”2m) 

Stress  Intensity 
_ Ranee  AK  IMPa  Jm)  _ 

Crack 

da/dn 

Growth  Rate 
(10"8  m/cvclel 

1 

0 

2.8123 

13.3547 

4.0870 

2 

372 

2.9579 

14.0655 

4.3861 

3 

649 

3.0742 

14.6859 

5.0638 

4 

902 

3.2112 

15.4881 

5.8723 

5 

1093 

3.3197 

16.1878 

7.2141 

6 

1265 

3.4409 

17.0502 

9.2002 

7 

1395 

3.5636 

18.0237 

11.5508 

8 

1532 

3.7285 

19.5226 

15.1280 

9 

1639 

3.8983 

21.3482 

20.1712 

10 

1694 

4.0150 

22.8076 

25.7649 

11 

1748 

4.1563 

24.8496 

34.7977 

12 

1788 

4.2930 

27.1749 

47.4703 

13 

1818 

4.4426 

30.2089 

68.5479 
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Table  2.  Fatigue  Crack  Propagation  Data  of  Corona-5 
Quenched  from  900°C. 


# 

Cycle 

N/100 

Crack  Length 
a  ( 10"2m) 

Stress  Intensity 
Ranee  Ak  (MPa  */m) 

Crack  Growth  Rate 
da/dn  (10"®  m/ cycle) 

1 

0 

2.2000 

10.8719 

2.2293 

2 

457 

2.2936 

11.2571 

2.6623 

3 

497 

2.3037 

11.2948 

2.7914 

4 

1212 

2.5194 

12.1309 

3-8513 

5 

1496 

2.6219 

12.5566 

4.7923 

6 

1752 

2.7539 

13.1391 

5.7304 

7 

1972 

2 . 8873 

13.7759 

6.6369 

8 

2194 

3.0433 

14.5959 

7.9169 

9 

2311 

3.1386 

15.1441 

9.3441 

10 

2419 

3-2387 

15.7664 

11.0240 

11 

2513 

3-3384 

16.4396 

13.1736 

12 

2592 

3.4441 

17.2194 

15.5067 

13 

2702 

3.6322 

18.8100 

19.7523 

14 

2774 

3.7806 

20.2901 

24.1910 

15 

2827 

3-9131 

21.8185 

30.4629 

16 

2872 

4.0558 

23-7331 

38.4152 

17 

2905 

4.1812 

25.6953 

48.6643 

18 

2929 

4.3076 

27.9955 

65.0908 

19 

2938 

4.3649 

29.1648 

82.0643 

20 

2949 

4.4558 

31.2068 

107.6477 
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Table  3.  Fatigue  Crack  Propagation  Data  of  Corona-5 
Quenched  from  915°C. 


# 

Cycle 

N7 100  . 

Crack  Length 
a  M0"2m) 

Stress  Intensity 
_ Range  AK  (MPa 

Crack  Growth  Rate 
da/dn  ( 1G"8  m/cvcle) 

1 

0 

2.4871 

11.0162 

2.6317 

2 

82 

2.5112 

11.1046 

3.2867 

3 

226 

2.5579 

11.2789 

3-2356 

4 

657 

2.7124 

11.8838 

4.2801 

5 

737 

2.7444 

12.0156 

4.5590 

6 

1206 

3.0002 

13.1668 

6.8127 

7 

1331 

3.0741 

13.5382 

8.5761 

8 

1451 

3.1732 

14.0703 

8.9953 

9 

1557 

3.2936 

14.7743 

9.7959 

10 

1651 

3.3859 

15.3648 

10.0671 

11 

1744 

3.4855 

16.0581 

10.4684 

12 

1819 

3.5551 

16.5812 

10.7273 

13 

1885 

3.6265 

17.1556 

11.0865 

14 

1947 

3.7027 

17.8136 

11.8860 

15 

2009 

3.7731 

18.4683 

12.7312 

16 

2068 

3.8424 

19.1605 

15.0654 

17 

2124 

3.9257 

20.0620 

18.5048 

18 

2172 

4.0172 

21.1525 

22.4212 

19 

2220 

4.1343 

22.7211 

27.3047 

20 

2255 

4.2363 

24.2743 

31.7169 

21 

2287 

4.3432 

26.1235 

37.3240 

22 

2310 

4.4271 

27.7593 

45.4753 

23 

2329 

4.5110 

29.5870 

59.7606 
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Table  4.  Fatigue  Crack  Propagation  Data  of  Corona-5 
Quenched  from  965°C. 


# 

Cycle 

N/100 

Crack  Length 
a  (10"2m) 

Stress  Intensity 
Ran«e  AK  (MPa  /a) 

Crack  Growth  Rate 
da/dn  (10“®  m/cvcle) 

1 

0 

2.2877 

11.3191 

1.3831 

2 

6 

2.2916 

11.3336 

1.1984 

3 

573 

2.3724 

11.6397 

1.6051 

4 

1016 

2.4400 

11.9025 

1.7565 

5 

2282 

2.6818 

12.9110 

3.0350 

6 

2815 

2.8455 

13.6717 

4.0105 

7 

3100 

2.9645 

14.2759 

4.6461 

8 

3744 

3-3031 

16.3149 

6.3063 

9 

3861 

3.3745 

16.8215 

7.0635 

10 

4048 

3.5168 

17.9334 

8.2595 

11 

4290 

3.7183 

19.7877 

11.8748 

12 

4367 

3.8148 

20.8177 

14.8265 

13 

4429 

3.9053 

21 .8848 

19.0448 

14 

4480 

4.0045 

23.1840 

22.9519 

15 

4516 

4.0874 

24.3801 

26.0192 

16 

4547 

4.1718 

25.7271 

28.4759 

17 

4573 

4.2518 

27.1353 

29.6169 

18 

4596 

4.3222 

28.4969 

28.8262 

19 

4611 

4.3677 

29.4413 

28.1889 

20 

4629 

4.4164 

30.5173 

28.3555 

21 

4644 

4.4573 

31.4768 

29.6108 

22 

4658 

4.4982 

32.4869 

30.1708 

23 

4669 

4.5316 

33-3583 

30.3375 

24 

4679 

4.5648 

34.2610 

32.0390 
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Table  4.  Fatigue  Craek  Propagation  Data  of  Corona-5 
Quenched  from  965°C.  (continued) 


# 

Cycle 

N/100 

Crack  Length 
a  (10“2m) 

Stress  Intensity 
Ranee  AK  (MPa  v'm) 

Crack  Growth  Rate 
da/dn  (10“8  m/cvcle) 

25 

4690 

4.5993 

35.2462 

34.0923 

26 

4700 

4.6320 

36.2277 

34.9478 

27 

4708 

4.6604 

37.1168 

36.0278 

28 

4716 

4.6913 

38.1300 

39.4421 

29 

4724 

4.7246 

39.2716 

40.8706 

30 

4732 

4.7556 

40.3879 

44.7641 

21_ 

-  473.8 

_ 4.7821 

41 .6078 

_ 45.7471 _ 
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Table  5.  Fatigue  Crack  Propagation  Data  of 
Mill  Annealed  Corona-5 


i _ 

Cycle 

N/100 

Crack  Length 
a  (10”2m) 

Stress  Intensity 
Ranee  AK  (MPa  /a) 

Crack  Growth  Rate 
da/dn  ( 10”®  m/cvcle) 

1 

0 

1 .4929 

8.4667 

1.2339 

2 

985 

1.6203 

8.8988 

1.5586 

3 

1702 

1.7415 

9.3080 

1 .7286 

4 

2081 

1.8096 

9.5382 

1 .8197 

5 

3085 

1.9921 

10.1601 

1.8883 

6 

3814 

2.1344 

10.6559 

2.1512 

7 

4118 

2.2015 

10.8947 

2.7927 

8 

4410 

2.3009 

11.2567 

3.4970 

9 

4705 

2.3960 

11.6431 

3.2759 

10 

5004 

2.5017 

12.0265 

3-5845 

11 

5223 

2.5788 

12.3394 

4.7463 

12 

5387 

2.6676 

12.7147 

5.4064 

13 

5498 

2.7281 

12.9806 

5-9710 

14 

5680 

2.8385 

13.4904 

6.6121 

15 

5908 

3.0195 

14.4079 

8.4803 

16 

6063 

3.1578 

15.1933 

10.3381 

17 

6140 

3.2394 

15.6975 

10.8924 

18 

6250 

3.3770 

16.6284 

13.0211 

19 

6340 

3-4975 

17.5430 

15.0990 

20 

6400 

3.5929 

18.5592 

17.3476 

21 

6461 

3-7056 

19.3800 

20.4225 

22 

6542 

3.8800 

21.2479 

26.6423 

23 

6606 

4.0649 

23.7466 

34.9793 

24 

6650 

4.2406 

26.4488 

44.5637 
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Table  5.  Fatigue  Crack  Propagation  Data  of 
Mill  Annealed  Corona-5  (continued) 


Cycle 

N/100 

Crack  Length 
a  ( 10"2m) 

Stress  Intensity 
_  Range  AK  (MPa  /m) 

Crack  Growth  Rate 
da/dn  (10~8  m/cvcle) 

25 

6689 

4.4296 

30.2145 

63.3039 

26 

6717 

4.6300 

35.3743 

88.1941 

27 

6733 

4.7850 

40.5040 

113-6456 

28 

0742 

4.8983 

44.8801 

148.0832 

29 

6748 

4.9880 

49.4102 

172.7466 

-20- 


Table 

6.  Fatigue  Crack  Propagation  Data 
Ti-6A1-4V 

Of  'Jt+g 

Annealed 

if 

Cycle 

N/ 100 

Crack  Length 
a  (10-2m) 

Stress  Intensity 
Ranee  Ak  (MPa  *m) 

Crack 

da/dn 

Growth  Rate 
(10“®  m/cvcle 

1 

0 

1.9075 

12.5004 

1.2319 

2 

400 

1.9583 

12.7270 

1.5976 

3 

750 

2.0142 

13.0152 

2.0193 

4 

1130 

2.0904 

13-3782 

2.2656 

5 

1520 

2.1793 

13.8435 

3.5356 

6 

1870 

2.2987 

14.3737 

4.1021 

7 

2140 

2.4079 

14.9952 

6.9189 

8 

2350 

2.5527 

15.7102 

8.8900 

9 

2500 

2.6873 

16.4142 

10.2438 

10 

2620 

2.8092 

17.1413 

13.6321 

11 

2710 

2.9311 

18.0312 

17.1018 

12 

2800 

3.1788 

18.9200 

17.7342 

13 

2855 

3.1826 

19.7549 

21.4757 

14 

2910 

3.2994 

20.8758 

26.2305 

15 

2965 

3.4467 

22.1705 

31-3690 

16 

3005 

3.5712 

23.5950 

38.9712 

17 

3040 

3.7084 

25.1086 

43.7896 

18 

3065 

3.8176 

26.9291 

60.0456 

19 

3090 

3-9674 

29.0664 

76.2000 

20 

3105 

4.0817 

30.9837 

93.4720 

30 

3115 

4.1757 

33.7601 

153.0934 
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Table  7.  Fatigue  Crack  Propagation  Data  of  Ti-6A1-4V 
Quenched  from  900°C. 


t 

Cycle 

N/100 

Crack  Length 
...  a  (10“2m) 

Stress  Intensity 
_ Range  AK  (MPa  *~m)  . 

Crack 

da/dn 

Growth  Rate 
(10“®  m/cvcle) 

1 

0 

1.8770 

13-4915 

1.1531 

2 

400 

1 . 9227 

13.7071 

1.5189 

3 

700 

1.9685 

1 3 • 9227 

1 .7830 

4 

1000 

2.0218 

14.1746 

2.5984 

5 

1500 

2.1513 

14.8049 

3.5585 

6 

1800 

2.2580 

15.3362 

4.9530 

7 

2000 

2.3571 

15.8444 

4.9530 

8 

2200 

2.4561 

16.3713 

6.5532 

9 

2400 

2.5882 

17.1094 

7.6200 

10 

2550 

2.7025 

17.7870 

10.1219 

11 

2700 

2.8549 

18.7627 

10.4190 

12 

2800 

2.9591 

19.4854 

16.4465 

13 

2880 

3.0911 

20.4809 

20.1930 

14 

2920 

3.1724 

21.1442 

23.3680 

15 

2945 

3. 2308 

21.6480 

28.7858 
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Table  8: 


Tensile  Properties  of  Corona-5  Specimens  Water  Quenched 
from  the  Designated  Temperature  in  °C. 


Specimen 

Yield  Stress 

Ultimate 

Tensile  Stress 

Young's  Modulus 

Heat 

108  N/m2 

108  N/m2 

10l6  N/m2 

Treatment 

(KSI) 

(KSI) 

(106PSI) 

Mill 

9.43 

10.1 

11.5 

Anneal 

(137) 

(147) 

(16,6) 

870°C 

4.6 

10.4 

8.20 

( 1600°F) 

(66.7) 

(150.7) 

(11.9) 

900°C 

4.20 

10.4 

7.70 

(1650°F) 

(61.1) 

(151) 

(11.2) 

915°C 

3.37 

11.00 

8.55 

( 1680°F) 

(48.9) 

(160) 

(12.4) 

965°C 

7.93 

10.8 

9.94 

(1770°F) 

(115) 

(157) 

(14.4) 

•23- 


Table  9:  Tensile  Properties  of  T1-6A1-4V  Specimens 


Specimen 

Yield  Stress 

Ultimate 

Tensile  Stress 

Young’s  Modulus 

Heat 

108  N/m2 

108  N/m2 

1010  N/m2 

Treatment 

(KSI) 

(KSI)  (106  PSI) 

8.99 

9.90 

10.3 

Annealed 

(130) 

(144) 

(15.0) 

900°C+ 

9.98 

11.58 

11.6 

Water  Quench 

(145) 

(168) 

(16.8) 

-24' 


da/dH  (m/cycle) *E-8 


Fatigue  Crack  Growth  Rate  of  CORONA-5  Water  Quenched 
from  900°C . 

Specimen  Thickness  was  1.016  cm  and  P  was  0.454  Newtons 


da/dN  (m/cycle) *E-8 


I 


Figure  6.  Fatigue  Crack  Growth  Rate  of  CORONA-5  Water  Quenched 
from  915°C. 

Specimen  Thickness  was  1.016  cm  and  P  was  0.454  Newtons. 

max 
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Figure  7.  Fatigue  Crack  Growth  Rate  CORONA-5  water  quenched  from  965°C. 

Specimen  Thickness  was  1.016  cm  and  P  was  0.454  Newtons. 

max 


Figure  8.  Fatigue  Crack  Growth  Rate  of  mill  annealed  CORONA-5. 

Specimen  Thickness  was  1.016  cm  and  P  0.454  Newtons. 
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da/dN  (m/cycle) *E-8 


Figure  10.  Fatigue  Crack  Growth  Rate  of  Ti-6A1-4V  Alloy 

The  Annealed  Specimen  Thickness  was  2.54  cm  and  the  as 

Quenched  Specimen  Thickness  was  1.27  cm. 

P  of  Annealed  Specimen  was  1.362  Newtons  and  P 
max  max 

for  as  Quenched  Specimen  was  0.908  Newtons. 


AK  (Mpav4) 
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martensitic  transformation.  The  yield  strength  of  the  specimens  in  this  research  varied 
from  337  Mpa  (48.9  ksi)  to  947  Mpa  (137  ksi) .  T.-.is  also  demonstrated  that  the  fatigue 
crack  growth  rates  of  Corona-5  and  T1-6A1-4V  alloys  in  these  conditions  were  independent 
of  the  yield  strength. 
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